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VALIDATION AND SENSITIVITY OF A SIMULATED PHOTOGRAPH
TECHNIQUE FOR VISIBILITY MODELING

by

Michael Williams
Los Alamos Scientific Laboratory

Lo Yin Chan and kenate Lewis
John Muir Institute

ABSTRACT

The Los Alamos Scientific Laboratory {LASL' visi-
bility model is capable of producing simulated "before
and after” pictures that illustrate visual effects of
smoke plumes. Although the model has been under de-
velopment for a few years, until recently there ha!
been very little testing of the model against field
experience or testing of sensitivity of the model
results to numerical approximations used in the model.

Further valiZuiicrn ano sensitivity testing of the
18S. model began in late 1979, The work focused on
th: ~ areas: (1) comparison of the LASL mode! results
wit:. plumes encountered in the field, (?) comparison
of LASL bhackqround-atmosphere model results with
measured sky intensities, and (3' examinationr of the
variation of mode! results with changes in the numer-
ical approximations.

The ftield study tonk plare during August of
1972 in the vicinity of coal-fired power plants in
northwestern New Mexico and northe~n Arizona. Tele-
photometer, NOy plume measurements, and acroso! size
d'stripution measurements were made in the plumes of
three different coal-fired power plants, Photographe
were taken of the plumes and simulated phrtograph:.
were prepared by the mode!.

Light intensities calculated by the background
radiative transfer mode! were compared to measured
light intensitiec in & very clean atmosphere and in a
moderatsely hapv atmosphese, The measured intensities
wore der ived from photographic densities,

In additron tn the field measurements, differences
resulting from increased numbhers of wavelenqths 1n the
folor representotlion were examined. We alsn examine
other changes 1n the numerical approximatione, The
rosults of these studies are described,

Y INTRODUCTION te 1111 the nepd,  One o' these was the [AY

With passaqe nf the 1977 (lean Ar Amendments V.sibi ity Mode!,
apremigm wan placad on the modeling of visibility The LASL Vasthility Model (Willigms, ot al.),
wmparts  avsor iated with emissions of (ndustrial (Champion and Williams, 19R0) has been applied toe

fac 1hitres, At least three models were developed e number of cases. In addition, some sensitavity



studies have been performed with it (Willimms, et
al., 1980).
little validation and many aspects of the model's

However, the model has had very

sensitivity have not been examined.

The limited sensitivity studies performed to
date have dealt with the sensitivity of model
results to model input parameters such as the
viewing geometry, atmospheric stability, back-
ground visual range, wind speed, pollutant emis-
sion rates, primary particle size distribution,
and secondary particle size distribution. The
purpose of this work is to examine other aspects
of the mndel's sensitivity and to descrihe the
results of validation stufies.

Sperif.c arets exarined include the use of
three wavelengths of 1light tc represent the
entire visible spectrum and the sensii:vity of
moral results to numerical approximations used
within the computer codes.

The validation studier ween desiqued tn en-
amine the model's accuracy in situdtions where
the mndeling approximations cannnt be readily
testect. Furthermore, the validation studies were
intended tc address the accuracy of the model
predictiony in the cnntert of the first phase n¢
visthility prut «tion, that 15, plum hlight a--

snriated with major 1ndustrial snurces,

M. tHE LASL VISIBILITY MODEL

The LAN Vasihilaty Mode]l anteqratey severa’
components to illustrate the effects of air con-
taminants on & vista. It can br uswed in eithm
of twn modes. First, {f the contaminant ¢oncen-
trations are provided along with relevant para-
meters such av the size aistribution of particu-
lates, it cran mdr] the radiative transfer and

prov-¢s mumevical or pirtmial representations of

4 scene subject to the contamination. Second, it
may be used with emission and meteorological data
to predict the chemistry, dispersion, and radia-
tive transfer associated with the contaminant.
The output of the model is in the form of a simu-
lated photograph supplemented with various indices
used to describe visibility impairment such ac
the blue-red ratio of the plume, plume-to-horizor-
brightness ratio, and changes in chromaticity
coordinates. In the simulated phetograph digi!al
information representing film densities that cor-
respond to an original base photojraph has hee-
modified in accordance with radiative trancfer
calculations and dapicted on film, Thus, th
technique can produce “"before™ and “afie-"
pictures.

Production of a simulated picture s a m.!*--
step process. First, a photograpk of the scene
i1s taren on a relatively clean, cloudless dav, 2°
the sam time A photoqrapk is taker of a ora,
scale. Ther, hoth the photog=apk of the scam
and the photograph of the qrav scalr are cd-3'-
tized., If possibhlc, telephotometer measuyremen!:
are taken along with the pictuve.

From telephotometer measuremente, phntograpk-
densities, or turbidity data., the bachground vie.
ual range for the clear scene is sstimated, Th
beckaround atmosphere 1w then simulated witk
radiative transfer code based on Dave's [(Bresty
and Dave, 197V agerative techmique,  In tw
wddrl  the radiance 18 approaimated hy the rp-

lation;

l‘l.:|.‘ l lﬂ.‘ lJnl.l

cos{{m - 1):! ("



where cubscript 31 refers to the cosine of the
propagation angle ., and subscript k refers to the
layer which includes the optical depth 1. The
code normally uses 20 values of i. and 10 layers.
Absorption,

Rayleigh  scatterirg, and Mie

scattering are considered. The background
radiative transfer code alsc computes the phase
functions for specified size distributions., In
those cal- culations single wavelengths of

45000, 5500°A, and 6500°A are used to
represent the colo~s blue, green, and red,
respectively

The sitatrans of  tne bazkaround radiatve
transfer oproblem perform a  double function,
First, they provide boundary conditions and
forcing fuacticns for the plume radtative
transfer code. Second, they provide the link
between the film densities and the calculated
radiance.

The filr densities must first be correctod
for the drstn-tiony produred by the film, In
ordes ts e ths a grav scale is phntographed en
dg-t'zed, The gray srale is then used to deduce

a tranformatine tha! maps the original dersitiey

nte nm dentren v ogpoanding to the forn,

BTN WU B | rm

where [ 10 the pposure, T transformed den-
ities, corvespoanding te 4 portion of clean shy
near where the plume i, expected to appear, are

compared tn the radiancey, calculat:d from the

backaround radiative trant.er code, The conver-
sion fator e
-0
ref
PR L (n

where D ¢ 15 the density (after transformation)

and L is the radiance calculated for the

ref
same portion of the sky with the background code.
The plume radiative transfer code first cor-
putes the dispe'sion and chemistry of the pol-
lutants. Dispersion is based on Pasquill Gifford
(Turner, 1969) for neutral and unstable and TVA
(Montgomery, et al., 1373% for slightly stable
with buoyancy-enhanced dilution. The horizontal
sigmas are increased by a factnr cf travel time
to the one-fifth ~ower with 2 minutes used fo-
the TVA sigras. The chemistry is hased on firct
order kinetizs w'th rate coffi-1ent derrye! fo-
4 photachemica. code for a'l pollutants pecepe
nitrogen diowide, For nitrogen diovide tae

concentration 1s given by:
N,
NC: e (1 - MR NO? + Bn3\ + ﬁﬁ; 3 N'L'l . ran

with = ‘ptytsprm

- R+
) (.* . 3.«1.1) :

The irmitial owxidatinn and reqressior con?firsone
are bnth ohtained fror the hntochewica® cot,
Typirally, the reqression confticiert fm np,te "
and unstable conditiony t+ near Yo byt 1n Comagtye
qroater for stahle condition, - 1,4,

Suize distrabytyons o speondgry pollyglee .
are alse estwmate! from the photochemy, ' wagy
results,

The radiative transfer §n the plume ¢nge 1w
estwmated solving the radfation transfer equator
numprically with Dave's techniaue (Bresdan  ang?
Pave, 1977) for tnfymi’p planes oriented norma)

to the line of sight,  Nimerical integration of



the concentration with the sppropriate scattering
and absorption properties of the contaminants
provides the scattering and extinction optical
depths at each point along the line of gight.
The result of the plume radiative transfer
solution is to provide the plume transmission and
the plume contribution to the radiance, Lp',
for each line of sight. These parameters are
then combined with the transformed film densities
tc produce modified film densities through the
relation:

. Ir y4=Dold \
Ppow " - L0G a( a 1" + LD') . (R

The new densities can be displayed on a cathode-
ray tube and/or photographed with a matrix camera
to proviie “after” pirctures. The densities can
also be converted tn radiances and used tn deter-
mins chanaes in chromaticrity coordinates or other
ortical parametury,

3. TiSTING OF BACKGROVND RADIATIVE TRANSFER
MO LT

Tne testing nf the background module  focuse.!
wn three greas. (1) the numerical approximations,
1% the adnquary of the 1-wavelength representa-
tion, ant (1° a3 comparison betwren Reasured
radrances and calculated ones. The adequacy of
the l-wavelenaqth approzimation was examined by
simylating a relatively ¢ lean bacrkqround atmoe-
phore with only 3 wivelongths and with 31 wave-
lengths, Onr other ohjective of this endeavir
wat to determine the relative weights for the
wavelengths nf 4500 A", 5500 A%, and 6500
A", which would most nearly represent the
chramatic ity coordinates found with 31 wave-

Tengths, With the wright chasen to duplicete the

simulated horizon sky chromaticities, the chroma-
ticity coordinates for the overhead sky were cal-
tulated with the 3]1-wavelength and 3-wavelength
simulations. With a morning sun, the overhead is
much different in color than the horizon. The x
and y coordinates were .239 and .240 for the
3l-wavelength representation and .242 and .240
for the 3 wavelengths represented. A similar
comparison was made for the reflected spectrum
from a gray body. In this case the x and y values
via the 3l1-.wavelength representation were ,200:
and .309, respectively, and the x and v coordina-
tes with the 3-wavelength representalinr wm.
.295 and .308, respectively.

One of numerical approximations 1in the
background cod» was examined. The Fourier
coefficients wnere increased from the norma® 2
terms to 6 and finally 9. The simulations were
carried out for a day with moderate haze (hy
Southwestern standards) on which the backgrour'
visual range was only 125 km, Simulations wer
carried out for morning and near noon, Tahles i
and 1B  report the differences foun'! w'ir
increasing Fourier coefficient for radiance. at
diftferent anglrs with respect to the sun,

Finally, the model simulations were compa-e*
to measured radiances on a moderately hasv dw.
This day was choaen because one would expect madw
diff orem ex hetwren colors, with Ravieigh scalter.
ing dominating in the blue, Rayleigh and Mip
scattering comparable in the green, and Mie scat
tering dominating in the red. Because the mode!
gives cnly relative radiances, the measured and
simylated values were set equal! for one viewing
direction and measured and simulated valuev were

compared for other directions. The measurements
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were ohtained with photographs with film densities

trensformed  in accorvance with Equation 2,

Tahle 11 report:- the results of the comparison.
For terms in ercess of 6 the code experienced
convergence difficulties. Presumahly, these dif-
ficulties are related to the character of associ-
ated sphericsl harmonies of higher order. These
functions undergo rapid variations with argument,
is

Renormalization required to properly treat
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higher orders of associated spherical

Renormalization hay not been used in the code.
Tabhled

IA and IR show the

th increasing Fourler coecfficienty for

at different azwmuth elevation angles and azimutw

angles with respect to the sun, Table A

the greatest

for the six and three Fourfer coefficienty cal-

culated. The differences are g vater at

servation angles, that

(s, Tow values of ;|

harmonipes,

diftorensey foun’

radiance

Shuws

variation in the relative radiances

Tow ob-



differences are smaller as the value of . in-
creases. This means that, at low observation
angles, when the sun is low, scattering is more
anisotropic and the plane-paralle! layer approxi-
mation is least accurate. Thus, morv Fourier
coefficients may be required.

Tabie IB was chosen because it represents
the least variation in the relative radiances.
The values calculated for the three coefficients
are practically equal, even for low observation
angles, for example, small :.. This shows that
near noon scattering is more isotropic. Thre2
Fouriar coefficients are sufficient for tne

calculation of the radiances.

3.1 Testing of the Plume Model Predictions

During August of 1979, a brief field program
was carried out to test the model's predictive
capahilitv, An aircraft with low-speed capahility
wis used tn sampie smoke plumes and to provide a
platform for plume photouraphy. The aircraft
carried instruments for measuring total oxides of
nitrogen, particulate concentrations, and coniden-
satiop nuclei. The particulate measuring device
wat a quartz cry<tal monitor (QCM) with aerod -
namir  s1ze-seqreaqcting  canability  (Fowles  and
Sedlaceh, 197°)Y, Supportina  photography  and
telephotometer measurements were made on  the
qround,

Sampling was cartied out in the plumes of
three Southwestern power plants.  These inc luded
a large plant hurning high-ash coal with rela-
tively inefficient particulate collectors (Plant
A); a smaller plant with efficient particulate
collectors and sulfur oxides scrubbing (Plant BY,
and a large plant burning moderate-ash coal with

efticient particulate ollectors and no sulfur

oxide controls (Plant C). A1l plants burned
low-to-moderate sulfur coal.

During the sampling period relatively windy
conditions were encountered; however, a number of
interesting cases suitable for simulation were
found. From the complete set of photographs six
were chosen for simulation. The meteorologica’,
plant, and viewing conditions for the six cases
are described in Table IIl with more details
provided in Table A-1 in the Appendix.

The photo CRSJ 831 deserves

specia’
mention. In this case, the plume from the sma’l
plant was approximately 350 meters highe- thar
that from the large, despite the fact that the
two plants were less than 15 kilometers apart and
the stack tops differed in elevation by only 30
meters, The winds were moving the plume f-~* the
large plant tc the north toward the smal! plan:
site, but the plume from the small plant wa-
traveling east in what apperared to be 2a liarte-
wind, In this case, the plum~ rise moduie wn, '
not predict the actual plume height, and ar
artificially high stark height was used to prov: 4
the pruper plume elevation,

Wind specdy near Plant ( were base’ on
pibals provided by the plant operator wheesey
wind speeds near Plant A were bhased on Limed up.
wind and downwind passes over aground featuree
with air-speeccy nf 60 mph or Jess, Wind direo.
tions were based on plume travel divections,
Atmospheric stabilitv was estimated from the arr.
craft measurementy of the vertical temper:iure
distribution for stable conditions or from the
Turner cateqorization (Turner, 1969) scheme for
neutra) or unctable conditions using extrapnlated

1N-meter-height  winds.  Sire distrihutions for



TABLE Il
METEOROLOGICAL, VIEWING, AND PLANT CONDITIONS FOR THE SIMULATED SCENES

Distance from Wind Speed
Photograph Date Plant P1ant Viewing Angle and Height Stability Case
1-48B 8/27/79 8 km A-14 cross plume 8 m/sec c CRP 827
18 8/28/79 28 km €-3 upwind to 6.1 E CRP 27
quarterly
upward
2B 8/28/79 24 km C-3 6.1 E CRr 27
38 8/28/79 40 c-3 quartering tu 6.1 £ CRP 210
near Cross-
wind
58 8/31/79 40 B-1 upwind 1.0 E CRSJ 831
8/31/79 8 A-1+ crosswind 3.0 E CRF 83!
the plume particulates were based on the QCM the plume if the plume were above the ground,

measurements, In the case of Plant B, the plume
serosols were not significantly elevated above
background. 1In the case of Plant C, the elevated
particulate concentrations were only found very
near the plant. For Plint A, aeroso! concentra-

tions were greatly elevated; however, the size
distributions seemed to be variahle from one pass
to another,

In three cases, photographs with similar
terrain and similar viewing angles were availahle
withou' perceptible plumes,

827,

Ir these cases CRRP
CRRP 831 and CRSJ B3l, thr cleaner newhy
photographs (taken on the far side of the plume
or after it had dispersed), could be used as hase
photagraphs. However,

?-6, 2-7,

in the case of photngraphs
and 2-10, there were no suitahle hase
photographs availabie. In these cases, the plume
photographs wore artificially ¢ leaned up to pro-
vide new base photographs. This was accomplished
by determining the perceptibie outlines of the
plumes and then either extrapolatirg clean cky
from above the plume down tn the g und or by

intespolating hetween clean sky abhave and bhelow

One potential difficuity in this approach is tha*

in the two upwind-looking cases, tha plume ca'-

culations suggest that the plume influences the

radiances for portions of the sky abnve

ceptible plume,

radiances changr slowly with angle,

viewer without perceptible bounda-ies.

rapid changes near

P per-

In this circumstance, the plurs

leaving the

The mor,

the horizon are perreptil -

and leave the viewer with the impression tha: the

plume

influences a murh smaller portion of

than it in fact does.

Phovugraphs 1A through 5A are points made b

digitizing
digital

photographnd
cathode-ray
Vericolor 4

through 50 are

the original slides,

qray scale,

tubr with a matrix

x 5 sheet film,

correcting

and photographing

Phetagraphs

information based on measurementy o

the

camery woth

1R

shy

t her

simulated photographs made with
the matrix camera on Vericolor 4 x 5 sheet fiim,
In addition to the qualitative comparison a
quantitative comparison was also made. The
quant itative comparison was made by cemaring the

color contrast between the perceptible plunes amd



the sky abcve them for three azimuth angles for
each photograph. The color contrast was defined

as:

2
8+ ‘g lss + Ler -

Lsg Lgg Lsg

2 F4

-L LSR

The radiances LPB' LSB' etc. were ob-
tained from the transformed film densities. The
color contrasts were measured on the displayed
real plumes and the displayed simulated olumes
separately and compared for the Same azimuth
angles. In this case, the elevation angles of
the sky and plume were not necessarily the same,
Measurement of radiances were also made for the
same angles in cases where the same base photo-
graphs were used. Table A-2 in the Appendix re-
ports the measured radiances. Table 1V reports
the first comparison.

One difficulty in this approach is similar
to that discussed earlier, that is, in the upwind
looking cases the top ot the plume is not sharply
defined and much of the sky above the perceptihle

plume may be influenced by the plume.

In the case of three of the photographs, all
associated with Plant C emissions there is quali-
tative agreement between the simulations anc the
photographs. For one of the other photographs
the simulation is poor (CRP B83i, which is not
shown), In this 1instance, the model would be
expected to fail because the plume is optically
thick for downward traveling light. The mod:’
assumptions permit optically thick plumes along
the line of sight as long as the plume is optica’l-
ly thin to direct sunlight. In this case, the
prominent shadow observed below the plume is a
clear indicatinn tha! the plume is optically th o
to direct sunlight. Thus, the failure of tn-
model in this instance is to be expected. In tw-
other instances, there appears to be some differ-
ence between the model predictions and the o' -
served plumes. In one case, the particulates
appear to be a little mae obvicus in the simuia-
tion than in the observed plume. The difference:
in this case might he traceable to the differercst
between actual emissions and assumed emissions.

Assumed emissions were based on 95% control wh-'s

the equipment has operated at efficiencies a-

TABLE 1V

COMPARISON OF BLUL-RED RATIOS NET COLOR -CONTRASTS MIASURE(D AND CALCULATED

Right-hdand <ide

of picture
~Cases B/R cc
CRP 26 .67 .2
5P 26 527 576
CRP 27 .674 .270
sp2? 544 449
CRP 210 .54 .454
sp 219 .70 235
CRSJ 83 .han .428
SPSJ 83 414 .64}

Left-hand side of

Center pictur

B/R ce B/R ¢

1.00 .1R4 .73 .0
.96 270 .67 .30
A% .66 .60 L0
447 1 .67 .790
LXK 541 .567 416
.586 ity 724 .81
576 .4R4 507 .50

.140 1.00 .407 L6



high as 98% and seems to exhibit test-to-test
variations in emissions.

Finally, in onc case, CRSJ 832, the
simulated photograph depicted a plume with less
width and more dens®t: in its central core. This
was a down-axis case with light winds where wind
meander would be important. The code used a sim-
ple t-? aw for converting short-term sigmas
into long-term values. Larger signas would lead
to plumes comparable to the one observed.

Four of the cases were analyzed to determine
blue-red ratios and color contrast between the
plume and the sky above or below. Table IIl re-
ports the values of the parameter. The positions
and radiances found are reported in the Appendix.
Generally, the code seems to tend to a sliy.
overprediction. However, this may be misleading
because the larger plume depths, of the simulated
plumes appa-ent on the photos, meant that *he
comparisons were between different gportions of
the sky. It also appeary that the parameters
chosen do not provide a very good depiction of
the perceptibility of plumes. For example, in
two source instances the actual plumes are more
evident than the simulated ones, although the
parameters would sugaest otherwise.

Some of the discrepancy between the real
plumes and the predicted ones may be the result
of an overprediction of the dispersion. Such an
overprediction would lead to more diffuse, less
evident plumes, although the grea.er mixing would
lead to a greater fractional conversion of nitric
oxide to nitrogen dioxide. Higher conversion
rates would lead to lower blue-red ratios and

higher color contrasts.

4. CONCLUSIONS

The LASL visibility code has been teste]
against actual! plumes under a number of different
circumstances. Qualitatively the simylations
seem to provide reasonable representation of tne
actual plumes. However, it does appear tha* in
some cases the simulated plumes are more diffuse
than the actual plumes with the result that the
simulated plumes are less apparent. Furthermore,
visibility parameters suagest some oOverestimater
of the plumes' appearance. TheSse twn circur-
stanc2s would be consistent with overpretictine
of dispersion,

In two cases. the model performe? le:c
well, In one instance, the simulation for 3
plume with very high particulate concentratiors
appeared much too bright. In this instanc-, the
plume ::as seen to have an obvious shadow which
indicates that the plume was optically thick to
direct sunlight. The model s currently not
suited to do the predictions for a plume which g
optically thick to sunlight,

These studies suqgaest a need for furthe
validation work wherein the emission parametess
are well known and the dispersion is well defire
over short test periods. There is alsp a nea? t-
examine meander of windy during stable conditipn,
Finally, it appears that the present stab'e o
visibility parameters is not adequate teo describ

perceptibility of smoke plumes.

L(1,¢;-) - Radiance as a function of 1, ¢ and

Lj,k,m - Radiance for the j propagation anqle, kth
layer and mth Fourier coefficient.

Bp - Transformed f.1m density.
t - txposure of film grain,

a - Factor for conversion of calculated radiance
to film exposure.



Dref - Film density used to obtain a.

Lyes - Calculated radiance correspondiry to
ref:

N0, - Nitrogen dioxide concentration,
€ - Regression coefficient for calculation of NO,.

0 - Dilution factor for traveling from 2 km in the
plume to distance x,

BO; - Background ozonme concentration.
BNO, - Background nitrogen dioxide concentration.

NO_

(N02 ) - fraction of NOy converted by therma®
x 1

oxidation before plume height stabili-
zation.

NOy - Plume oxides of nitrogen concentration,

sp(x) = Plume concentration of conservative
species of downwind distance of «x.

'D(L) - Plume concentration of conservative

species at 2 km downwind.

B - Exponent of distance in the power law expres-
sion for the vertical dispersion parameter.

D - Exponent of distance in the power law expres-
sion for the horizontal dispersion parameter.

u - Wind speed.
t - travel time in hours,
Dpew - Calculated modified film density.

Tr - fractional transmission alona the line of
sight.

Bold - Original film density.

L, - Plume radiance.

Cc - Color contrast.

Lpg - Plume radiance for color blue.

Lgg - Sky radiance for color blue.
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